The second-generation Janus scorpionate ligand [HB(mtda Me )3 − ] containing methyl-mercaptothiadiazolyl (mtda Me ) heterocyclic rings and (N,N,N-) and (S,S,S-) binding pockets has been prepared. The effect of methyl substitution versus the unsubstituted first-generation Janus scorpionate [HB(mtda)3]− on the coordination chemistry with alkali metals and on the binding preferences and on the ground spin state of iron(II) complexes has been studied structurally and by 57 Fe Mossbauer Spectroscopy.
Introduction
Trofimenko's seminal report on the preparation and reactivity of poly(pyrazolyl)borates instigated countless new areas of research and discovery in the field of coordination chemistry. structural modification of the scorpionate manifold occurs by varying the steric demand of substituents at the 3-position of the pyrazolyl, nearest to the metal center, as this alteration imparts dramatic changes in ligand reactivity and in the properties of the resulting metal complexes. A distinction can be made between firstgeneration and second-generation scorpionates when the steric demand of the substituents at the 3-position of the pyrazolyl significantly alters the coordination chemistry of the ligand or complex thereof. For instance, in iron chemistry, homoleptic pseudooctahedral iron (II) ).(4) In both cases, the ligand field strengths are comparable to the electron pairing energy, and spin crossover is observed on changing pressure, temperature, or on light excitation. (5) More recently, there has been interest in the chemistry of scorpionates that incorporate softer Lewis base donors such as phosphorus(6) or sulfur(7-12) because these donors can be exploited for the preferential binding or stabilization of unusual low-valent, electron-rich, transition-metal centers (or heavier main-group metals). One of the more extensively studied classes of soft scorpionates is the tris(2-mercapto-1-Rimidazolyl)hydroborates, [HB(mim R − ligands, the organic R substituents are far enough removed from the metal center that steric interactions in fac-coordinated complexes are less pronounced than in the tris(pyrazolyl)borates (even for bulky substituents such as tert-butyls). However, the electronic impact of varying R groups in the Tm R ligands is significant and, most importantly, these ligands often enjoy unexpected binding modes and new reaction chemistry compared to the tris(pyrazolyl)borate counterparts. With iron(II), both pseudo-octahedral Fe[κ We have been developing the chemistry of the tris(mercaptothiadiazolyl)borate ligand, [HB(mtda)3] − , the socalled Janus scorpionate (Figure 3 ).(16) The Janus scorpionate can be considered a hybrid of Trofimenko's tris(pyrazolyl)borate(1, 2) and of Reglinski's tris(mercaptoimidazolyl)borate(12) and is a close relative of Bailey's and Marchiò's ambidentate thioxotriazolylborate.(17) In every case examined to date, the heterocycles in this new Janus scorpionate adopt a conformation that places all soft sulfur donors on one face of the ligand directed toward the boron−hydride moiety, whereas all hard nitrogen donors are on the opposite face directed away from the hydride. This arrangement presumably minimizes electron repulsions between the lone pairs of electrons on the relatively large thione donors and the repulsive interactions between the thione groups and the π-clouds of the adjacent heterocycles. As might be expected, this ligand displays remarkable coordination versatility and metal-coordination capacity highlighted by the structure of the thallium(+1) complex where the ligand, using only its sulfur donors, was found to bind five thallium cations in a remarkable μ5-(κ
We have also demonstrated that the different donor sets (N,N,N-or S,S,S-) on either face of the Janus scorpionate allow for controlled organization of alkali metal and/or mixed alkali metal coordination polymers(16a) according to Pearson's hard−soft acid−base concept.(18) It was hoped that by constructing assemblies of metal ions connected by these electroactive bidentate ligands (the constituent heterocycles are exploited in battery applications(19) and show desirable surface adsorption properties (20) ) new conducting materials with tunable properties could be developed. For this purpose, we began to explore the ligand's coordination chemistry with iron(II), given the propensity for Fe II N6 kernels to exhibit electronic/magnetic bistability. In particular, we were enticed with the prospect of developing new chemical switches and wanted to determine whether changes in binding pocket size (induced either by changing the steric demand of the R groups on the HB(mtda R )3 ligands and or by the structural distortions that occur upon complexation of different size metal cations to the opposing faces of the ligand) could dictate the ground spin-state of iron(II) because high-spin iron(II) is effectively a larger cation than low-spin iron(II) (owing to population of eg* orbitals in the former). This contribution is the first to describe the preparation and properties of the second-generation methyl-substituted Janus derivatives (M)[HB(mtda Me )3] (M = Na, K, NBu4). Justification for this simple ligand modification being termed second-generation is presented based on the discrepancies between the properties of the two iron complexes, Fe[HB(mtda R )3]2 (R = H, Me), that are apparent from structural and spectroscopic characterization data, including a Mössbauer spectral study. 
Experimental Section
The compounds 2-mercapto-1,3,4-thiadiazole, H(mtda), and 2-mercapto-5-methyl-1,3,4-thiadiazole, H(mtda Me ), were obtained from Alfa Aesar, whereas all other reagents were obtained from Aldrich; all were used without further purification. Solvents were dried by conventional procedures and distilled prior to use, except where noted. The alkali metal borohydrides were stored and manipulated in a drybox with purified argon atmosphere. Most other manipulations were performed under nitrogen using Schlenk techniques, except where noted. The compounds (M)[HB(mtda)3] (M = Na, K, NBu4) were prepared as described earlier. (16) 
K[HB(mtdaMe)3], 2
A magnetically stirred neat mixture of 4.28 g (32.4 mmol) H(mtda Me ) and 0.500 g (9.27 mmol) KBH4 in a flask connected to a gas meter was heated by an external oil bath. Evolution of hydrogen gas commenced at about 100 °C, became vigorous upon heating to 115 °C, and stopped after 2 h at 205 °C. The crude product mixture was cooled to room temperature, washed with three 20 mL portions of THF (to remove excess H(mtda Me )), followed by three 20 A biphasic mixture of 2.00 g (6.20 mmol) of (NBu4)Br in 25 mL of CH2Cl2 and 2.66 g (6.21 mmol) Na[HB(mtda Me )3] (1) in 25 mL water was vigorously stirred at room temperature for 2 h and the layers were separated. The organic layer was washed with 25 mL H2O and separated. After three more such washings and separations, the organic layer was dried over MgSO4, filtered, and solvent was removed under vacuum to give 3.05 g (76%) 3 as a colorless powder. Mp Analysis of the data showed negligible crystal decay during collection in each case. Direct methods structure solutions, difference Fourier calculations and full-matrix least-squares refinements against F2 were performed with SHELXTL. (22) Numerical absorption corrections were applied to 2·1.5MeOH, 7·2CHCl3 and 9, whereas no absorption correction was applied to the data for either 4·4CH3CN or 6·6H2O. Semiempirical absorption correction based on the multiple measurement of equivalent reflections was applied to the data of each of the remainder of compounds with SADABS.(21)All non-hydrogen atoms were refined with anisotropic displacement parameters. Hydrogen atoms were either refined freely or treated as riding atoms (Supporting Information for details). The X-ray crystallographic parameters and further details of data collection and structure refinements are presented in Tables 1 and 2 . 
Mössbauer Spectroscopy
The Mössbauer spectra of Fe[HB(mtda)3]2 (4) and Fe[HB(mtda Me )3]2 (8) have been measured between 4.2 and 295 K on a constant-acceleration spectrometer that utilized a room temperature rhodium matrix cobalt-57 source and was calibrated at 295 K with α-iron powder. The spectra of 4and 8 have been measured on absorbers that contained 56 mg/cm 2 of sample that had been crushed but not ground and dispersed in boron nitride. Except for the spectra of 4 obtained at 85 and 155 K, which indicate the presence of a small amount of texture, the observed spectra have been fit with symmetric quadrupole doublets. The estimated relative errors are ± 0.005 mm/s for the isomer shifts and quadrupole splittings, ± 0.01 mm/s for the line widths, and ± 0.005 (%ϵ)(mm/s) for the spectral absorption areas. The absolute errors are approximately twice as large.
Results and Discussion

Synthesis
The new alkali metal scorpionates M[HB(mtda Me )3] (M = Na (1) or K (2)) are prepared by heating a neat mixture of the appropriate MBH4 with a slight excess (3.5 equiv) of 2-mercapto-5-methyl-1,3,4 thiadiazole, H(mtda Me ), to ca. 185 °C for several hours until 3 equiv of hydrogen is evolved (part a of Scheme 1). The use of the slight excess of H(mtda Me ) ensures the completion of the each appears capricious. It should be noted that when the preparation of 8 was attempted under aqueous conditions (using either 1 or 2 and FeCl2) the initial product is a colorless solid presumably the hexaaquairon(II) species, which on heating under vacuum gives a yellow tetraaquairon(II) species that only very reluctantly loses water on prolonged heating under vacuum. The water is more rapidly displaced by addition of a weak Lewis base (CH3CN or THF), filtration, followed by heating under vacuum.
Solid-State Structures
The structures of the discrete sodium complex Na[HB(mtda Me Figure 4 shows the molecular structure of Fe[HB(mtda)3]2·4DMF (4·4DMF), whereas that of the isostructural tetra-acetonitrile solvate 4·4CH3CN is included in the Supporting Information. The structure of 4·4DMF has two scorpionate ligands each bound in a κ 3 manner to iron(II) via nitrogen donors to give a pseudooctahedral FeN6 kernel; the molecules of solvation are not bound to the metal center. The average Fe−N distance of 1.97 Å is characteristic for low-spin iron(II) being slightly shorter than the average distance of 1.98 Å found in Fe[HB(pz)3]2,(2c) which is also low spin iron(II) at or below room temperature. (23) Of interest, is the degree of ligand distortion in κ 3 N-coordinated scorpionate ligands, which is commonly manifested in any of three ways: M−N bond lengthening, heterocycle ring twisting, and boron pyramidalization, as summarized in (25)). With 6·6H2O, there is an extensive hydrogen bonding network found in the solid state that involves the anionic scorpionate ligand, (Supporting Information). Most striking is the contrast in the connectivity between the structures of the two complexes with the formula Fe[HB(mtda R )3]2·4DMF (R = H, Me). The structure of the first-generation (R = H) ligand showed two facially coordinating ligands and no metal bound solvent molecules (vide supra), whereas that of the second-generation ligand has two trans-κ 1 S-coordinated scorpionates and four iron-bound DMF molecules. Both the average Fe−O distance of 2.12 Å and average Fe−S distance of 2.51 Å are characteristic for high-spin iron(II). The former distance is identical to that found in 10·2DMF and [Fe II (DMF)6](Cl2FeS4W), whereas the latter compares favorably with other high-spin iron(II) complexes of thione donors such as 2.46 Å in Fe(Tm)2·4.5 H2O (13) 
Mössbauer spectra
To probe the nature of ligand binding in solvent-free Fe[HB(mtda R )3]2 (R = H (4), Me (8)), for which solid-state structural data could not be obtained, the Mössbauer spectra have been measured and the spectral results have been compared with each other and with related complexes. The Mössbauer spectra of 4 and 8, obtained between 4.2 and 295 K, have been fit with a single quadrupole doublet with a single line width but with slightly different areas for the two components of the spectra of 4 at 85 and 155 K; the resulting parameters are given in Table 3 , and the 4.2, 85, and 295 K spectra of 4 and 8 are shown in the left and right of Figure 7 , respectively. The remaining spectra measured at other temperatures are all very similar to those shown in these figures. High-temperature spectra of 4 were not pursued, as there was no indication of spin-transition behavior (color change) before thermal decomposition. (20) K. This temperature is much larger than the Mössbauer temperature, ΘM Α , of 183(2) K obtained from the temperature dependence of the logarithm of the spectral absorption area (Figure 8 ). It is well-known(31-33) that the two Mössbauer temperatures, ΘM δ and ΘM Α , obtained from the two temperature dependencies are different(33) because they depend, for the isomer shift, on <v 2 >, the mean-square vibrational velocity of the iron-57, a velocity that is mostly dependent upon optical molecular vibrations in the energy range of ca. 50 to 100 meV or 400 to 800 cm −1 and, for the absorption area, on <x 2 >, the mean-square displacement of the iron-57, a displacement that is strongly affected by acoustical lattice vibrations at ca. 30 meV or 250 cm −1 . Measurements of the Mössbauer temperatures of related iron(II) complexes (24, 30, 32) and iron nitroprussides (33) indicate that ΘM δ is twice to five times ΘM Α . The present factor of ca. 4 is in this range. The isomer shift of 4 (Table 3 and 23, 29, 32) but this isomer shift is fully consistent with the FeS6coordination environment, in which the soft-base coordinated sulfur leads to a higher s-electron density at the iron-57 nucleus and, consequently, a lower isomer shift. In addition, the temperature dependence of the isomer shift of 8 yields a ΘM δ temperature of 318(8) K (Figure 9 ) a value that is typical of the weaker Fe−S bonding than the alternative Fe−N bonding. A fit of the logarithm of the spectral absorption area ( Figure 9 ) yields a ΘM Α temperature of 147(2) K, a value significantly lower, as expected for the softer sulfur bonding, than the 183(2) K value found for the FeN6coordination environment of 4. It is more difficult to determine whether some, or perhaps all, of the iron(II) in 8 has the FeN3S3, coordination environment or some mixture of the possibilities mentioned above. The observed spectra are clean and well resolved and offer no indication of more than a unique iron(II) site. However, it should be noted that the line widths of ca. 0.34 to 0.37 mm/s observed for 8 are substantially larger than the 0.29 to 0.33 mm/s values observed for 4 and the values of 0.24 to 0.25 mm/s observed for many related complexes; the inner lines of the iron powder calibration are typically 0.24 to 0.25 mm/s. Thus, the larger than expected line width may be an indication of some disorder in the coordination environment, but there is no other such indication in the Mössbauer spectra of 8.
As is always the case for high-spin iron(II) complexes, the quadrupole splitting depends upon two contributions to the electric field gradient, a lattice contribution, qlat, and a valence contribution, qval. The former is usually small and essentially independent of temperature such that the magnitude and temperature dependence of the quadrupole splitting is dominated by the valence contribution. The Ingalls model (35) has been used to fit the temperature dependence of the iron(II) quadrupole splitting of 8, and the results are shown as the line in the center of Figure 9 . The fit yields 354(5) cm −1 for the splitting of the ground state t2g orbitals of 8 by a lowsymmetry component of a pseudo-octahedral coordination environment about iron(II).
Conclusions
The new second-generation Janus scorpionate ligand, [HB(mtda Me )3] − , has been prepared as either a sodium or potassium complex by heating a neat mixture of the appropriate MBH4 (M = Na or K) and an excess (>3 equiv) of heterocycle. This new anionic ligand differs from that previously reported due to the presence of methyl groups situated proximal to the nitrogen atoms of the constituent heterocycles that would be available for metal binding. It was expected that steric interactions involving the methyl groups might change the binding preferences of the ligand to metal cations by decreasing the tendency for MN6 coordination in sandwich complexes or coordination polymers, possibly promoting lower coordination numbers or making metal−sulfur bonding more favorable. The results presented here appear consistent with this hypothesis, especially in the case of the iron(II) complexes. The striking contrast in the structures of the tetra-DMF solvates of each Fe[HB(mtda R )3]2 (R = H (4), Me (8)) provides a clear illustration of the distinction between the first-generation (R = H) and second-generation (R = Me) ligands. In the pink, low-spin Fe[HB(mtda)3]2·4DMF, both first-generation ligands are bound to iron in a κ 3 -mode and solvent is not, whereas in the yellow high-spin Fe[HB(mtda Me )3]2·4DMF both second generation scorpionate ligands are bound in a κ 1 S mode trans to each other with four equatorially bound solvent molecules completing the coordination sphere of iron. Whereas the structures of the solvent-free forms of the iron compounds are not known, the discrepancy in binding modes for the different generations of ligand are apparent from Mössbauer and magnetic data. Mössbauer data indicate that the pink diamagnetic parent compound Fe[HB(mtda)3]2 4 is low-spin with a FeN6 coordination environment, whereas the paramagnetic methyl-substituted derivative Fe[HB(mtda Me )3]2 8 is high-spin. In contrast to the parent compound, the iron(II) center of 8 is not in an FeN6 environment, rather it is most likely in a FeS6 or possibly a FeN3S3 environment. The FeS6 coordination environment is further suggested from the structures of [Fe(DMF)6][HB(mtda Me )3]2·2DMF and Fe(DMF)4[κ 1 S-HB(mtda Me )3]2 where each of the two ligands in the former complex was not bound to iron but, in the latter, each was identically bound (in a symmetric, trans fashion) to iron via one sulfur, as a result of displacing coordinated DMF. By extension, it can be envisioned that such substitution continues until no more solvent is bound to the metal. Because the ligand appears to always adopt a conformation where all sulfurs are on the same face, a FeS6 environment can be confidently proposed, although it remains unclear if the ligand binds in a fac-κ 3 S3 manner or in a bridging mode to give a coordination polymer. The astonishing range of coordination capabilities that the Janus scorpionate ligand can exhibit (binding from zero to five metals) and the apparent control of binding preferences of this ligand to metal cations by size selection or via steric protection of the nitrogenous face warrant further investigation. Our current endeavors are toward the development and coordination chemistry of second-generation Janus scorpionates with more sterically demanding substituents than methyls.
